Islet amyloid polypeptide (IAPP, also designated amylin) is a 37 amino acid polypeptide which is synthesized in islet beta cells and co-stored and co-released with insulin [1±6]. Exogenous treatment with the peptide inhibits insulin secretion in the perfused rat pancreas [7] , in isolated rat islets [8, 9] and in vivo in rats [10] and humans [11] , and a specific IAPP antagonist increases insulin secretion from islets [12] . It has also been shown that IAPP inhibits glycogen formation in skeletal muscle [13] and induces insulin resistance in rats [14, 15] . This would suggest it inhibits both insulin secretion and action and, consequently, if overexpressed in a prediabetic stage, could add to the pathogenesis of Type II (non-insulin-dependent) diabetes mellitus. It has, however, also been claimed that IAPP does not impair insulin secretion [16, 17] or insulin sensitivity [18] . Therefore, its physiological function is not yet established. In addition to its putative physiological actions, IAPP is also of interest in diabetes pathogenesis due to its ability to form fibrils, which are constituents of the islet amyloid characteristically accompanying Type II diabetes [19, 20] .
Summary Islet amyloid polypeptide (IAPP) is synthesized in islet beta cells and has been implicated in diabetes pathogenesis because it can inhibit insulin secretion and action and form fibrils leading to islet amyloidosis. Its physiological function has, however, not been established. We therefore examined insulin secretion and glucose elimination after i. v. or gastric gavage of glucose in transgenic mice overexpressing human IAPP (hIAPP) resulting in considerably increased circulating IAPP concentrations. The insulin response to and the glucose elimination after i. v. glucose (1 g/kg) were not different in transgenic mice compared with wild type animals, neither in males nor in females. In contrast, the insulin response to gastric glucose (150 mg/mouse) was reduced and the glucose elimination was inhibited in both male and female transgenic mice. The area under the 30 min insulin curve (AUC insulin ) was 21 ± 2 nmol/l in 30 min in transgenic males (n = 24) vs 43 ± 3 nmol/l in 30 min in wild type males (n = 26; p < 0.001) and the respective areas under the glucose curve (AUC glucose ) were 1.90 ± 0.12 and 1.62 ± 0.09 mol/l in 120 min (p < 0.05). Similarly, in females, the AUC insulin was 17 ± 2 nmol/l in 30 min in transgenic mice vs 25 ± 3 nmol/l in 30 min in wild type mice (p < 0.05) and the respective AUC glucose was 1.62 ± 0.7 and 1.12 ± 0.07 mol/l in 120 min (p < 0.001). Hence, endogenous hIAPP inhibits insulin secretion and glucose elimination after gastric glucose gavage in both male and female mice, indicating that overexpression of hIAPP could be a diabetogenic factor, via effects on the intestinal tract or the gut-islet axis or both. [Diabetologia (1998) 41: 1374±1380] human IAPP (hIAPP) were generated previously [21] . It was found, that although plasma IAPP was considerably increased in these mice over a long period of time and the synthesized IAPP is biologically active [22] , concentrations of circulating insulin and glucose were not altered [21] . One interpretation of this finding is that IAPP has no physiological impact on insulin secretion or glucose homeostasis. Another is that measuring a random blood sample for the determination of insulin and glucose is not adequate to detect any physiological function of the peptide in this respect. Other transgenic mouse strains overexpressing hIAPP have been shown to display hyperglycaemia in a subset of the mice after 2 months in homozygotic transgenic animals [23] or after 6 months on a diet causing obesity [24] . Since islet amyloid had developed in these latter mouse strains, it is, however, possible that the amyloid deposits had influenced islet function. Therefore, it was still not established whether endogenous hyperhIAPPaemia per se affects insulin secretion and glucose metabolism.
In this study, we have undertaken both intravenous and gastric glucose tolerance tests in homozygous hIAPP transgenic mice at an age of 2 to 3 months, when no islet amyloid formation was evident. The intravenous glucose tolerance test in anaesthetized mice with multiple blood sampling produced information both on glucose-stimulated insulin secretion and glucose elimination. In addition, the gastric glucose tolerance test provided an insight into whether IAPP affects the complexly regulated insulin secretion after gastric glucose, which involves gastric emptying, glucose absorption and the release and action of gut hormones.
Materials and methods
Animals. Human IAPP overproducing transgenic mice were generated as described previously [21] . The transgenic lines were maintained by breeding heterozygous transgenic mice with mates of the C57BL/6J strain. Homozygous transgenic mice were obtained by breeding heterozygous transgenic mice. They were differentiated from heterozygous transgenic mice and wild type littermates by dot blot Southern hybridization, using a 588 bp hIAPP specific cDNA probe [21] and measurement of the hybridization signal, using phosphor-imaging and ImageQuant software (Molecular Dynamics, Inc. GmbH, Krefeld, Germany). To exclude effects related to the integration site of the transgene DNA construct in the mouse genomic DNA (ªposition effectº), which might become evident particularly in homozygotic transgenic mice, hIAPP transgenic mice from two different lines (no 14 and no 18) were used for the experiments. The mice were housed on hardwood bedding in polypropylene cages and maintained in air-conditioned rooms at 20±22°C with a photoperiod of 12 h light, 12 h dark. Water and commercial mouse diet (RMH-TM, Hope Farms, Woerden, The Netherlands) were available continuously. When the mice were 7±12 weeks of age, intravenous or gastric glucose tolerance tests were carried out.
Intravenous glucose tolerance test. At the age of 7 weeks (means ± SD 7.2 ± 1.8 weeks), 20 transgenic males, 14 wild type males, 24 transgenic females and 20 wild type females underwent an intravenous glucose tolerance test. In 8 transgenic males, 8 wild type males, 11 transgenic females and 10 wild type females, the intravenous glucose tolerance test was repeated at the age of 12 weeks (means ± SD 12.0 ± 0.1 weeks). In the test, non-fasted mice were anaesthetized with an i. p. injection of midazolam (Dormicum, Hoffman-La-Roche, Basel, Switzerland, 0.4 mg/mouse) and a combination of fluanison (0.9 mg/ mouse) and fentanyl (0.02 mg/mouse; Hypnorm, Janssen, Beerse, Belgium). This mode of anaesthesia has been found to result in stable anaesthesia without influencing baseline values of glucose or insulin (data not shown). The intravenous glucose tolerance test with the use of this anaesthesia has been described recently [25] . After the induction of anaesthesia, a blood sample was taken from the retrobulbar, intraorbital, capillary plexus, then D-glucose (British Drug Houses, Poole, UK; 1 g/kg) was injected rapidly and intravenously into a tail vein. The volume load was 10 ml/g body weight. New blood samples were taken after 1, 7, 20 and 50 min. The samples were taken in heparinized tubes and stored on ice. After centrifugation, plasma was separated and stored at ±20°C until analysis.
Gastric glucose tolerance test. At the age of 11 weeks (means ± SD 10.6 ± 3.8 weeks), 24 transgenic males, 26 wild type males, 25 transgenic females and 23 wild type females were fasted overnight and anaesthetized with an i. p. injection of midazolam (Dormicum, 0.4 mg/mouse) and a combination of fluanison (0.9 mg/mouse) and fentanyl (0.02 mg/mouse; Hypnorm). Of the mice, 18 transgenic males, 14 wild type males, 22 transgenic females and 19 wild type females had undergone the intravenous glucose tolerance test 3 weeks before. After induction of anaesthesia, a blood sample was taken from the retrobulbar, intraorbital, capillary plexus, then D-glucose (150 mg/mouse in 0.5 ml) was given through a gavage tube (outer diameter 1.2 mm) placed in the stomach. New blood samples were taken after 10, 30, 60 and 120 min. The samples were taken in heparinized tubes and stored on ice. Following centrifugation, plasma was separated and stored at ±20°C until analysis.
Blood sampling. At the time of killing (at 17.7 ± 4.7 weeks (means ± SD), range 9.8±25.1 weeks), trunk blood from nonfasted or overnight fasted mice was collected in EDTA tubes, plasma was collected by centrifugation at 4°C for 5 min at 3000 rpm and stored at ±80°C until used in the determination of IAPP.
Analyses. Plasma insulin was determined radioimmunochemically with the use of a guinea pig anti-rat insulin antibody, 125 I-labelled porcine insulin as tracer and rat insulin as standard (Linco Research, St Charles, Mo., USA). Free and bound radioactivity was separated by use of an anti-IgG (goat antiguinea pig) antibody (Linco). The sensitivity of the assay is 12 pmol/l and the coefficiency of variation is less than 3 %. Plasma IAPP immunoreactivity was measured by radioimmunoassay using human IAPP antiserum K1338, which cross reacts with synthetic rat IAPP [26] . Free and bound radioactivity was separated by use of double antibody immunoprecipitation. The sensitivity of the assay is 3.5 fmol/l and the coefficiency of variation is less than 15 % at plasma IAPP levels exceeding 28 pmol/l. Plasma glucose was determined with the glucose oxidase method.
Congo red staining of pancreas. To detect islet amyloid deposits, specimens of pancreas were obtained at the time of killing. The specimens were fixed in 4 % phosphate-buffered formalin (pH 7.4) for 24 h and paraffin embedded. Congo red stained sections were examined by polarized light microscopy, which reveals an ªapplegreenº birefringence of amyloid deposits [27] .
Statistics. Means ± SEM are shown. Statistical analyses were done with the SPSS for Windows system. Statistical comparisons between groups were done with the Mann-Whitney Utest. The suprabasal areas under the curve (AUC) for insulin (AUC insulin ) and glucose (AUC glucose ) were assessed using the trapezoidal rule of suprabasal values. In the intravenous glucose tolerance test, the acute insulin response to glucose (AIR G ) was calculated by subtracting the baseline insulin levels from the mean of the 1 and 7 min insulin values. The glucose elimination rate after the glucose injection (K G ) was calculated using the t 1 / 2 for min 1±20 after glucose injection after logarithmic transformation of the individual plasma glucose values.
Results
Body weight, age and baseline plasma concentrations of IAPP, insulin and glucose. Plasma concentrations of IAPP were considerably increased in hIAPP transgenic mice (Table 1) but no difference was seen between the transgenic lines no 14 and no 18, neither under non-fasted conditions (224 ± 36 (n = 10) vs 369 ± 139 (n = 7) pmol/l) nor under fasted conditions (216 ± 25 (n = 18) vs 301 ± 54 (n = 13) pmol/l). There were no significant differences in body weight or age at the time of the experiments between transgenic and wild type mice (Table 2 ). There were also no significant differences in baseline plasma concentrations of insulin and glucose in hIAPP transgenic versus wild type mice under non-fasted or fasted conditions in females or males, except a slight increase in plasma insulin concentrations in non-fasted hIAPP transgenic females (p = 0.002) and in plasma glucose concentrations in fasted hIAPP transgenic females (p = 0.016, Figs. 1,2 ).
Intravenous glucose tolerance tests. Intravenous glucose tolerance tests were done on 7-and 12-weekold mice. There were no significant differences in any of the determined variables between these two tests. Therefore, the results from the two were pooled. It was found that both in males and females, the increase in plasma insulin after the rapid intravenous glucose challenge was the same in hIAPP transgenic and wild type mice, both when calculated as the delta increase in plasma insulin at 1 min after glucose injection, the AIR G , as well as the AUC insulin for the entire 50 min period. Similarly, the glucose elimination was not significantly different in transgenic compared with wild type animals of both sexes, when calculated as individual values at each time point, as AUC glucose for the entire 50 min time period, or as the K G values, which are calculated for min 1±20 after glucose was given. The only difference observed was a slightly higher plasma glucose at 50 min after intravenous glucose in transgenic males compared with wild type males (p = 0.029) (Fig. 1, Table 2 ). No difference in the variables obtained during the intravenous glucose tolerance test was observed between hIAPP transgenic lines no 14 and no 18 (data not shown separately).
Gastric glucose tolerance test. The gastric glucose tolerance tests were done when the mice were at the age of 11 weeks. Plasma glucose increased to a simi- Non-fasted males 351 ± 88 (n = 11)*** 38 ± 4 (n = 20) Non-fasted females 160 ± 29 (n = 6)*** 12 ± 3 (n = 7) Fasted males 166 ± 43 (n = 8)*** 31 ± 3 (n = 5) Fasted females 281 ± 32 (n = 23)*** 8 ± 0 (n = 21) The experiments were done when the mice were on average 7 weeks of age (n = 78; means ± SD 7.2 ± 1.8 weeks of age) or 12 weeks (n = 37; means ± SD 12.0 ± 0.1 weeks of age). Probability level of random difference between the groups; *p < 0.05 *Ð* hIAPP transgenic mice, *---* indicates wild type mice lar peak concentration at 30 min after glucose was given in hIAPP transgenic compared with wild type animals, both in males and females. Thereafter, the reduction in circulating glucose was retarded in hIAPP transgenic mice, resulting in higher plasma glucose concentrations after 60 and 120 minutes both in males (p < 0.022) and in females (p < 0.001). Similarly, the AUC glucose for the entire 120 min time period was significantly larger in hIAPP transgenic than in wild type mice in both sexes (Table 2) . Furthermore, the initial 30 min increase in circulating insulin was diminished in hIAPP transgenic mice compared with wild type mice, resulting in lower 10 and 30 min concentrations in both males (p < 0.001) and females (p < 0.022; Fig. 2 ) and lower AUC insulin for the 0±30 min time period (Table 2 ). In contrast, plasma insulin and glucose were higher in hIAPP transgenic females than in wild type mice at 60 and 120 min after gastric glucose had been given. No difference in the variables obtained during the gastric glucose tolerance test was observed between hIAPP transgenic lines no 14 and no 18 (data not shown separately).
Congo red staining of pancreatic sections. Pancreatic sections from all homozygous transgenic mice were evaluated for islet amyloid formation by Congo red staining. No islet amyloid was evident in any of the sections.
Discussion
Although the physiological function of IAPP has not been established, the peptide is of interest in the The experiments were done when the mice were on average 11 weeks of age (means ± SD 10.6 ± 3.8 weeks of age). Probability level of random difference between the groups; *p < 0.05, **p < 0.01, ***p < 0.001 *Ð* hIAPP transgenic mice, *---* indicates wild type mice pathophysiology of Type II diabetes both because it has potential to inhibit insulin secretion and action and it forms fibrils which are constituents of islet amyloid in Type II diabetes [19, 20] . In this study, we have examined the putative physiological importance of IAPP as a circulating substance, by the use of transgenic mice which have considerably increased circulating IAPP concentrations due to beta-cell expression of a hIAPP transgene [21] . We found that this considerable endogenous increase in circulating hIAPP was accompanied by inhibited insulin secretion and impaired glucose elimination after gastric gavage of glucose, both in male and female mice. Since these effects were observed in young mice at an age of two to three months, when islet amyloid is not present, our results are consistent with the notion that endogenous IAPP has the capacity to inhibit insulin secretion and impair glucose elimination after gastric gavage of glucose. Furthermore, since the same effects were observed in hIAPP transgenic mice of two different sublines (no 14 and no 18), it is likely that the effects observed are due to overexpression of hIAPP and the biological action of the peptide, rather than to any effect related to the integration site of the transgene DNA construct in the mouse genomic DNA. In contrast, the beta-cell insulin response to glucose and the glucose elimination after giving glucose intravenously were not different between transgenic and wild type animals. Previous studies in transgenic mice overexpressing hIAPP have found no change in baseline glucose and insulin concentrations [21, 28] , hyperglycaemia in the presence of normal insulin concentrations [24] and hyperglycaemia together with hypoinsulinaemia [23] . Since these two latter mouse strains also exhibited concurrent islet amyloidosis [23, 24] , our finding of an impairment of the insulin secretory response to gastric glucose concomitantly with glucose intolerance in a transgenic model showing no amyloid formation is the first unambiguous evidence of a metabolic influence of endogenous hIAPP in vivo. We undertook both intravenous and gastric glucose tolerance tests in our studies. These tests provide different information. The insulin response after the intravenous glucose challenge is a reflection of the direct insulinotropic action of glucose. The response after the gastric challenge depends in addition on the contribution of gastric emptying and glucose absorption rates and to the complex neural and humoral responses elicited by the enteral presentation of glucose. The insulinotropic response to intravenous glucose was not altered in the transgenic mice whereas the response to gastric glucose was reduced. This suggests that the direct insulinotropic action of glucose on the beta cells is not influenced by long-term overexpression of endogenous hIAPP. We first undertook the intravenous glucose tolerance test in 7-week-old mice. Since we did not observe any difference in the variables determined between control and hIAPP transgenic mice, we repeated the intravenous glucose tolerance test in 12-week-old mice, to exclude the similar results in the two groups of animals being due to their young age. There was, however, also at 12 weeks of age, no difference in insulin secretion. The intravenous glucose tolerance test is also used to determine the glucose elimination after giving glucose intravenously although the use of animals that have been fed makes the comparison of beta-cell secretion more reliable than comparison of glucose elimination. We found that glucose elimination after i. v. glucose also was not different between control and hIAPP transgenic mice. These results thus suggest that a considerabe increase of plasma IAPP concentration does not alter glucose-induced insulin secretion or glucose elimination in mice. These conclusions are, however, dependent on the validity of the intravenous glucose tolerance test in mice. The acute increase in plasma insulin after giving glucose rapidly is a reflection of first phase insulin secretion, and therefore yields reliable results on the beta-cell secretion ability. On the other hand, glucose elimination is a net process consisting of both the efficiency of insulin to promote glucose uptake into peripheral tissues and of glucose itself to stimulate glucose uptake of insulin independently, the so-called glucose effectiveness [25] . We show here that the net glucose elimination is not different between the two groups of mice, suggesting, that both insulin sensitivity and glucose effectiveness are unaltered. These two processes underlying glucose elimination might, however, be affected differently from each other [29] , and therefore we cannot exclude the possibility that the hIAPP overproducing transgenic mice had opposite effects on insulin sensitivity and glucose effectiveness resulting in an unaltered net glucose elimination. For definite conclusions on insulin sensitivity, hyperinsulinaemic clamp studies are required.
Our results contrast with those of several shortterm studies, showing an inhibitory action of exogenously given IAPP on glucose-stimulated insulin secretion under a variety of experimental conditions [7±9, 11, 14, 15] . Instead our data agree with results showing no influence of IAPP on glucose-stimulated insulin secretion [16, 17, 30] . One possible explanation for the failure of hIAPP to inhibit the insulin response to i. v. glucose in our study might be that following the long-term and continuous influence of high concentrations of endogenous hIAPP, any effect of the peptide had vanished due to down regulation of receptors or effector mechanisms. This is indicated by a study showing that an inhibitory action of IAPP on glucose-stimulated insulin secretion fades with time [10] . This possibility is unlikely to explain our results, however, since hIAPP did have effects in the gastric glucose tolerance test, arguing against down regulation of actions. Similarly, a recent report showed that glucose-stimulated insulin secretion from islets isolated from 1.5-year-old transgenic mice overexpressing hIAPP was impaired, without any sign of amyloid formation [31] , suggesting that at least in some transgenic lines, inhibition of glucosestimulated insulin secretion can occur in vitro after long-term hIAPP overexpression. Our results suggest that endogenous hIAPP does not inhibit glucosestimulated insulin secretion in vivo despite the considerably increased circulating IAPP concentrations. Furthermore, previous in vitro studies on muscle tissue [13] and in vivo studies in rats [14] have indicated that IAPP might impair the peripheral glucose uptake through inhibition of insulin action. In our mice such an action of IAPP is, however, unlikely, considering that the glucose disposal after giving glucose intravenously was not different between wild type and transgenic animals.
In our study, a pronounced inhibitory action of hIAPP was observed on the insulin response to gastric glucose. Furthermore, after gastric glucose, transgenic animals had an impaired ability to eliminate glucose. The impaired glucose elimination possibly reflects the lowered insulin response, since the intravenous glucose tolerance test showed the same ability of wild type and transgenic animals to eliminate an intravenous glucose challenge when the insulin concentrations were the same. This indicates that the influence of IAPP on the complex neural and humoral responses, elicited by the enteral presentation of glucose and of importance for insulin secretion, is more powerful than any direct influence on the beta-cell response to glucose. It is possible that IAPP had impaired the passage of glucose from the gastric lumen to the blood, either through inhibition of gastric emptying or inhibition of glucose absorption, which would be in line with studies in rats and humans [32, 33] . Although we did not specifically examine these processes, this possibility seems unlikely, since the initial 30 min increase in circulating glucose after gastric glucose gavage was not different between wild type and transgenic mice. It could, however, be argued that this same glucose concentration at 30 min after gastric gavage of glucose occured despite considerably lower insulin concentrations and therefore a higher glucose concentration in transgenic mice would be expected had glucose absorption/gastric emptying not been affected. Therefore, the possibility still exists that the endogenous hyperhIAPPaemia might have impaired gastric emptying/glucose absoprtion in the transgenic mice. Our results would also be explained if IAPP inhibits the secretion or action of gastrointestinal hormones which are released after enteral presentation of glucose and which stimulate insulin secretion, the so-called incretin hormones. Currently, glucagon-like peptide 1 (GLP-1) and gastric inhibitory polypeptide (GIP) are considered the most important incretin hormones [34] .
Whether IAPP affects the secretion of GLP-1 or GIP has not yet been examined in mice, due to the lack of assays for determination of these peptides in mouse plasma. The possibility that hIAPP affects the insulinotropic action of the intestinal hormones is supported by a study showing inhibition by IAPP of GLP-1-induced cyclic AMP formation in insulin producing insulinoma cells [35] . Similar studies in vivo, however, are still to be undertaken.
Previous studies in transgenic mice overexpressing hIAPP have shown a pronounced diabetogenic phenotype in the male sex. Male homozygous hIAPP transgenic mice have been found to display hyperglycaemia at the age of 8 weeks, whereas a slight hyperglycaemia was not seen in females until the age of 16 weeks [23] . Similarly, hyperglycaemia has been found to be more common in male than female obese mice overexpressing hIAPP [24] . The mechanisms explaining such sex differences are not known. Our study showed no sex dimorphism in inhibition of insulin secretion and glucose elimination in homozygous hIAPP transgenic non-obese animals aged 2 to 3 months. This suggests a sex difference in the humoral influence of hIAPP is specific for certain genetic backgrounds. Alternatively, it may suggest that it is the formation of islet amyloid, which was not observed in our transgenic mice but was in others, that underlies this sex difference, since islet amyloid in transgenic mice was mainly found in males [23, 24] .
In conclusion, our study has shown that transgenic mice overexpressing hIAPP resulting in considerably increased concentrations of IAPP exhibited inhibited insulin secretion and impaired glucose elimination after a gastric glucose challenge. These results are compatible with the notion that hIAPP as a circulating factor has the capacity to inhibit both insulin secretion and glucose elimination with a particular action in the postprandial phase through actions on the gastrointestinal tract or the gut-islet axis or both, which in turn indicates that IAPP could be a diabetogenic factor.
